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® Nuclear magnetic resonance imaging apparatus with reduced acoustic noise. 



® A nuclear magnetic resonance imaging apparatus capable of considerably reducing the disturbing acoustic 
noises originating from the vibration of the gradient coii (21). The apparatus includes a sandwich structure (7,9) 
which is located between the body to be examined and the main magnet(1); comprising a viscoelastic layer (9) 
sandwiched by a first and a second sandwiching member (7). 
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NUCLEAR MAGNETIC RESONANCE IMAGING APPARATUS WITH REDUCED ACOUSTIC NOISE 

BACKGROUND OF THE INVENTION 
Reld Of the Invention 

The present invention relates to a nuclear magnetic resonance imaging ^PP^^^'^^L ^ 
tomographic images of a body to be examined by irtilizing a phenomenon of nuclear magnetic resonance. 

Description of the Background Art 

A nuclear magnetic resonance Imaging apparatus provides an important means for analyzing atomic 
and electronic strictures of rriatter or chemical compounds in a solid state and an organic chemistry 
"iarc^Z. mere are increasing uses in medical practice of the nuclear magnetic '-^'"9 
apparatus as a diagnostic device for obtaining tomographic images of arbitrary cross sections o^^^b^r to 
be examined, on a basis of such information as hydrogen distribution and spin relaxation times extracted by 
utilizing a nuclear magnetic resonance phenomenon. ^ - 

A main portion of a conventional nuclear magnetic resonance imaging apparatus is shown in perspec> 
five view and in cross sectional view In Rgs. 1 and 2. respectively. As shown, there .s a main "^^gnet 1 wi h 
bore for generating a static magnetic field." a hollow cylindrical outer shell 2 ins.de t^e -hich is 
connected to the main magnet 1 by supporting members 3. and a hollow cylindrical inner sheH 7 in«de toe 
o^er shell 2 which Is connected to the outer shell 2 by ring members ^^Bet^een the outer sheH 2 fte 
inner shell 7. there Is a gradient coil 21 for producing gradient magnetic field J^"'^^'^:^ ~"",f *^ 
outer shell 2 by means of first gradient coil supporting member 4. a second gradient.coll supporting 

member 5 and a support rubber 6. ' .. „^ ^ «-» - 7^nsi oct wound 

As shown in Rg. 3. the gradient coil 21 comprises a X-coil 25. a Y-coil 27. and a Z-coil 29 wound 
arou^Td a Score k Uh of which produces the gradient field in X-. ^'^^^-^'^f^^^^'/^^^^^^^^ 
Also as shown in Rg. 4. these X-coll 2S. Y-coil 27. and Z-coil 29 are fixed on the coil core 23 by molding 
with a non-magnetic resin 24 with a relatively large Young's modulus, such as epoxy resin. 

EacS of these X-coil 25. Y-coil 27. and Z-coil 29 is provided with a separate power source, so that 
pulsed current for producing the gradient field can be appfied separately when taking ""^^f ^ . . 

However, as such gradient coil 21 is used In a presence of a very large static magnetic field gene ated 
by the main magnet 1 (typically between 022 to 1.5 Tesia). a considerable amount of f ^^^^^9"^*'° ° 
is exerted on e^h of these X-coil 25. Y-coil 27. and Z-coil 29. which gives vibrations of the gradient coil 21. 
which in tum causes the large acoustic noise. . ^„fin«rf 

Although in the nuclear magnetic resonance imaging apparatus of Rg. 1 the gradient coil 21 is confined 
inside a s^ce formed by the outer shell 2. the Inner shell 7 and the ring members 8 so as to """"'e such 
acoustic n^se. there still is a significant amount of vibration of the outer shell 2 caused by the vtbraton of 
the gradient coil 21 mediated through the air and through the first gradient coil supporting '"«"^be^' 
second gradient coil supporting member 5 and the support rubber 6. as well as through the nng members 
8. The noises may also be produced by the vibration of the coil core 23 and the resin 24. 

Such acoustic noises can be quite disturbing to a patient to be examined who will be placed in a 

measurement space inside the inner shell 7. . ^ »»<»ihio in 

Thus, in a conventional nuclear magnetic resonance imaging apparatus it has not been possible to 
eliminate all the disturbing acoustic noises originating from the vibration of the gradient coil 21. 

SUMMARY OF THE INVENTION 

It is therefore an object of the present invention to provide a nuclear magnetic resonance imaging 
apparatus capable of considerably reducing the disturbing acoustic noises originating from the vibration of 

Sri^'to one aspect of the present invention there is provided a nuclear magnetic resonance 
imaging apparatus, comprising: a main magnet for generating a static magnetic field in a measurement 
space in which a body to be examined is to be placed: gradient coil means for produang gradient magnetic 
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fields over the static magnetic field: means for detecting signals from the body in the static and gradient 
magnetic fields due to a nuclear magnetic resonance phenomenon: means for processing the detected 
signals so as to obtain tomographic images of the body at arbitrary cross sections: and a sandwich 
structure which is located between the body and the main magnet comprising a viscoelastic layer 
5 sandwiched by a first and a second sandwiching members. 

According to another aspect of the present invention there is provided a nuclear magnetic resonance 
imaging apparatus, comprising: a main magnet for generating a static magnetic field in a measurement 
space in which a body to be examined is to be placed: gradient coil means for producing gradient magnetic 
fields over the static magnetic field; means for detecting signals from the body in the static and gradient 

iQ magnetic fields due to a nuclear magnetic resonance phenomenon: means for processing the detected 
signals so as to obtain tomographic images of the body at arbitrary cross sections; and a hollow member 
which is located between the measurement space and the main magnet, Including a viscoelastic layer. 

According to another aspect of the present invention there is provided a nuclear magnetic resonance 
imaging apparatus, comprising: a main magnet for generating a static magnetic field in a measurement 

15 space in which a body to be examined is to be placed; gradient coil means for producing gradient magnetic 
fields over the static magnetic field, the gradient coil means being comprised of coils wound around a coil 
core, a first resin molding the coils, and a second resin having a larger stiffness than the first resin, the 
second resin surrounding the first resin, at least one of inside the second resin and between the first resin 
and second resin containing a viscoelastic layer; means for detecting signals from the body in the static and 

20 gradient magnetic fields due to a nuclear magnetic resonance phenomenon; and means for processing the 
detected signals so as to obtain tomographic images of the body at arbitrary cross sections. 

According to another aspect of the present invention there is provided a nuclear magnetic resonance 
imaging apparatus, comprising: a main magnet for generating a static magnetic field in a measurement 
space in which a body to be examined is to be placed; gradient coil means for producing gradient magnetic 

25 fields over the static magnetic field, comprising a coil core which contains a viscoelastic layer, and coils 
wound around the coil core; means for detecting signals from the body in the static and gradient magnetic 
fields due to a nuclear magnetic resonance phenomenon; and means for processing the detected signals so 
as to obtain tomographic images of the body at arbitrary cross sections. 

According to another aspect of the present invention there Is provided a nuclear magnetic resonance 

30 imaging apparatus, comprising: a main magnet for generating a static magnetic field in a measurement 
space in which a body to be examined is to be placed; gradient coil means for producing gradient magnetic 
fields over the static magnetic field, comprising a coil core, coils wound around the coil core, and a resin 
molding the coils, at least one of inside tiie resin and between the coil core and resin containing a 
viscoelastic layer means for detecting signals from the body in tine static and gradient magnetic fields due 

35 to a nuclear magnetic resonance phenomenon; and means for processing the detected signals so as to 
obtain tomographic images of the body at arbitrary cross sections. 

According to another aspect of the present invention there is provided a nuclear magnetic resonance 
Imaging apparatus, comprising: a main magnet for generating a static magnetic field in a measurement 
space In which a body to be examined is to be placed; gradient coil means for producing gradient magnetic 

40 fields over the static magnetic field; means for detecting signals from the body In the static and gradient 
magnetic fields due to a nuclear magnetic resonance phenomenon; means for processing the detected 
signals so as to obtain tomographic images of the body at arbitrary cross sections; and a hollow member 
which supports the gradient coil means against the main magnet, and is located between the measurement 
space and the main magnet, including a viscoelastic layer. 

45 Other features and advantages of the present invention will become apparent from the following 
description taken in conjunction with the accompanying drawings. 



BRIEF DESCRIPTION OF THE DRAWINGS 

50 

Fig. 1 is a perspective view of a main portion of a conventional nuclear magnetic resonance Imaging 
apparatus. 

Fig. 2 Is a cross sectional view of a main portion of the conventional nuclear magnetic resonance 
imaging apparatus of Rg. l . 

ss Rg. 3 is a perspective view of a gradient coil of the conventional nuclear magnetic resonance 

imaging apparatus of Rg. 1 . 

Fig. 4 is a perspective view of a coll core and a resin mold for the gradient coil of Fig, 3, 

Fig. 5 is a perspective view of a main portion of the first embodiment of a nuclear magnetic 
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resonance imaging apparatus according to the present invention. 

Rg. 6 is a cross sectional view of a main portion of the nuclear magnetic resonance imaging 
apparatus of Rg. 5. 

Rgs. 7(A) and 7(B) are a graph of frequency characteristic of currents in a gradient coil and a 
5 diagram of force due to the currents, respectively, for the nuclear magnetic resonance imaging apparatus of 
Rg. 5. 

Rgs. 8(A) and 8(B) are a graph of frequency characteristic of vibrations in tiie gradient coil and a 
diagram of vibration modes of the gradient coil, respectively, for tiie nuclear magnetic resonance imaging 

apparatus of Rg. 5. . 
70 Rgs. 9(A) and 9(B) are a graph of frequency characteristic of vibrations in a transmitter and receiver 

coil and a diagram of vibration modes of the transmitter and receiver coil, respectively, for tiie nuclear 

magnetic resonance imaging apparatus of Rg. 5. 

Rgs. 10(A) and 10(B) are graphs of frequency characteristic and positional variation of acoustic 

noises, respectively, for the nuclear magnetic resonance imaging apparatus of Rg. 5. 
,5 Fig. 11 is a cross sectional view of a main portion of a nuclear magnetic resonance imaging 

apparatus according to the first embodiment with which the experiments had been conducted. 

Rg. 12 is a diagrammatic illustration of an inner shell of the nuclear magnetic resonance imaging 

apparatus of Rg. 1 1 for explaining a position where tiie measurement of tiie acceleration had been taken In 

the first experiment. 

20 Rg. 13 is a graph of frequency characteristic of vibrations in an inner shell for both a conventional 

nuclear magnetic resonance imaging apparatus and tiie nuclear magnetic resonance imaging apparatus of 
Rg. 1 1 . obtained by the first experiment 

Rg. 14 is an illustration of a cross section of a sandwich structure around viscoelastic layer in tiie 
nuclear magnetic resonance imaging apparatus of Rg. 5. for explaining shearing deformation arising in tiie 

25 sandwich structure. 

Rg. 15 is a perspective illustration of tiie sandwich structure of Rg. 14, for explaining tiie reduction of 
acoustic noise achieved by the sandwich structure. 

Rg. 16 is a graph of a dimensionless parameter ^ appearing in analysis of tine reduction of acoustic 
noise achieved by the sandwich stixicture. as functions of two otiier parameters Rd and ri appearing in tiie 
30 same analysis for explaining tiie preferable conditions for tiie sandwich stricture. 

Rg. 17 is a perspective view of a main portion of the second embodiment of a nuclear magnetic 
resonance imaging apparatus according to tiie present invention. 

Rg. 18 is a cross sectional view of a main portion of the nuclear magnetic resonance imaging 
apparatus of Rg. 17. 

35 Rg. 19 is a diagrammatic illustration of an inner shell of tiie nuclear magnetic resonance imaging 

apparatus of Rg. 17 for explaining positions where tiie measurements of tiie acceleration had been taken in 

the second experiment. 

Rg. 20 is another diagrammatic illustration of an Inner shell of the nuclear magnetic resonance 
imaging apparatus of Rg. 17 for explaining positions where the measurement of tiie acoustic noise had 
40 been taken in the experiment. 

Rg. 21 is a graph of the acceleration as a function of time measured at one location inside tiie 
measurement space in the second experiment 

Rg. 22 is another graph of the acceleration as a function of time measured at anotiier location inside 
the measurement space in the second experiment 
46 Rg. 23 is a graph of acoustic noise level measured at various location inside tiie measurement space 

in the second experiment. 

Rg. 24 is a perspective view of a m^n portion of the Uiird embodiment of a nuclear magnetic 
resonance imaging apparatus according to the present invention. 

Rg. 25 is a cross sectional view of a main porti'on of tiie nuclear magnetic resonance imaging 
50 apparatus of Rg. 24. 

Rg. 26 is a cross sectional view of a main portion of tiie fourth embodiment of a nuclear magnetic 
resonance imaging apparatus according to the present invention. 

Rg. 27 is a cross sectional view of a main portion of the fiftii embodiment of a nuclear magnetic 
resonance imaging apparatus according to tiie present invention. 
55 Rg. 28 is a cross sectional view of a main portion of the sixtii embodiment of a nuclear magnetic 

resonance imaging apparatus according to the present invention. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
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(n the following descnption of the various preferred embodiments, those parts of a nuclear, magnetic 
resonance imaging apparatus which are substantiaiiy equivalent to coaesponding parts of the conventional 
nuclear magnetic resonance imaging apparatus of Rgs. 1 and 2 will be given the same labels in the figures, 
and their explanations which can be found in the description of the background art above will in general be 

5 omitted to avoid unnecessary repetition. 

Referring now to Rgs. 5 and 6. there is shown a first embodiment of a nuclear magnetic resonance 
imaging apparatus according to the present invention. 

In this first embodiment, there is provided a viscoelastic layer 9 made of polymer compounds such as 
butyl rubber, silicon rubber, polysulfide rubber, urethane rubber, fluoro rubber, polyvinyl chloride acetate. 

10 Neoprene rubber{Trade Name), and VEM(Trade Name) between a gradient coil 21 and a body to be 
examined which will be placed in a measurement space inside the bore of an inner shell 7. Such a 
viscoelastic layer 9. for example, can be formed in a middle of the Inner shell 7. as shown in Figs. 5 and 6, 
by pouring liquid viscoelastic material into a hollow region prepared in the Inner shell 7. 

The insertion of this viscoelastic layer 9 for the purpose of reducing acoustic noises is based on the 

IS following analysis due to the present inventor, of the mechanism of generation and propagation of acoustic 
noises in a nuclear magnetic resonance imaging apparatus, which has been largely unknown heretofore. 

It has been found that the propagation of acoustic noises takes place by a route of <force due to 
currents in the gradient coil 21> <vibration of the gradient coil 21> <vibration of the Inner shell 7> 
<acoustic noises>. Relevant data has been compiled which are shown in Rgs. 7 to 10, of which Rg. 7(A) 

20 shows a graph of frequency characteristic of cunrents in the gradient coil 21 and Fig. 7(B) shows a diagram 
of force F due to the currents I in the gradient coil 21 along with the direction of the static magnetic field B 
generated by the main magnet 1. while Rg. 8 (A) show a graph of frequency characteristic of vibrations in 
the gradient coil 21 in terms of instantaneous acceleration and Rg. 8(B) shows a diagram of vibration 
modes of the gradient coil 21. i.e.. extreme configurations of the gradient coil 21. Also, Rg. 9(A) shows a 

25 graph of frequency characteristic of vibrations in the inner shell 7 in terms of instantaneous acceleration and 
Rg. 9(B) shows a diagram of vibration modes of the inner shell 7. i.e. extreme configurations of the inner 
shell 7. while Figs. 10(A) and 10(B) show graphs of frequency characteristic and positional variation of 
acoustic noises along a central axis of the measurement space, respectively. 

As can be seen from Rgs. 7 to 10, the gradient coil 21 is fed with a pulsed cunrent shown in Rg. 7(A) 

30 which shows Increasingly small higher frequency components. Such currents in a presence of the static 
magnetic field B induces time varying forces F shown in Rg. 7(B) in the gradient coil 21. which causes an 
instantaneous simplebending deformation in the gradient coil 21 . resulting in the vibration of tiie gradient 
coil 21 . Here, as the currents I have no prominent component, the characteristic vibration mode shown in 
Rg. 8(B) which is the closest to the mode of Induced forces F will arises and. as shown in Rg. 8(A). a 

35 characteristic frequency of about 500 Hz corresponding to this mode of vibration becomes dominant. 

Such vibration of the gradient coil 21 causes \he vibration of the inner shell 7 through the air between 
the gradient coil 21 and the inner shell 7. Here, the vibration frequency of the inner shell T\s identical to ttiat 
of the gradient coil 21 as shown in Rg. 9(A). but the vibration mode for the inner shell 7 is different from 
that of the gradient coil 21 as shown in Rg. 9(B), because the vibration is mediated by tine air and also 

40 because the vibration of the inner shell 7 is associated with that of the outer shell 2 which supports it. 

Such vibration of the inner shell 7 in turn gives rise to the acoustic noise inside the measuremertt 
space. As shown in Rg. 10(A), a major contribution to this acoustic noise comes from the characteristic 
frequency of the vibration of the inner shell 7. which Is equal to the characteristic frequency of the vibration 
of the gradient coil 21 as mentioned above. It Is further shown in Rg. 10(B) that the acoustic noise is not 

45 uniform along a central axis through the measurement space. 

On the basis of tills analysts, the insertion of tiie viscoelastic layer 9 in tiie inner shell 7 which lies 
between the gradient coil 21 and the measurement space, as in tiie first embodiment described above, will 
be effective in reducing the generation of the acoustic noisesbecause tiiis viscoelastic layer 9 functions to 
interrupt tiie route of tiie propagation of the acoustic noises 

50 In order to verify this, the following first experiment had been conducted by tfie present Inventor. 

Rg. 1 1 shows the actual configuration of a nuclear magnetic resonance Imaging apparatus used in this 
first experiment In this nuclear magnetic resonance imaging apparatus, 'the transmitter and receiver coil Is 
wound around the inner shell 7. An acceleration pickup Is attached on this transmitter and receiver coll at a 
middle in the direction of the central axis of the measurement space, as shown by a point K in Rg. 12. The 

55 frequency characteristics of the acoustic noises are measured with this acceleration pickup for both the 
nuclear magnetic resonance imaging apparatus of Fig. 1 1 (with the viscoelastic layer 9) and a conventional 
nuclear magnetic resonance Imaging apparatus of similar type (without the viscoelastic layer 9). 

The result of tiiis experiment is shown in Rg. 13, where the frequency characteristic obtained by tiie 
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nuclear magnetic resonance imaging apparatus of Rg. 11 (with the viscoeiastic layer 9) which is repre- 
sented by a solid curve is contrasted against that obtained by the conventional nuclear magnetic resonance 
imaging apparatus of similar type (without the viscoeiastic layer 9) which is represented by a dashed curve, 
Rg. 13 clearly indicates that the vibration of the transmitter and receiver coil in the nuclear magnetic 

5 resonance Imaging apparatus of Rg. 11 is substantially reduced over entire range of frequencies, and 
particularly around the characteristic frequency of 500 Hz. compared with that in the conventional nuclear 
magnetic resonance apparatus. 

Considering the direct relationship between the vibration of the transmitter and receiver coil and the 
acoustic noise, it can be concluded therefore that with the first embodiment of the present invention, the 

70 significant reduction of the acoustic noise inside the measurement space can be achieved. 

The mechanism for this reduction of the acoustic noise by the inserted viscoeiastic layer 9 has been 
analyzed by the present inventor as follows. 

As already mentioned, in a configuration such as that of Rg, 1 1 in which the viscoeiastic layer 9 Is 
inserted in a middle of the inner shell 7, the electromagnetic forces will be exerted on each coil winding as 

15 the pulsed cunrents are fed in the presence of the static magnetic field. The resulting vibration of the 
gradient coil 21 will then be propagated through the air as well as through members supporting the gradient 
coil 21 to the inner shell 7, causing the bending vibration of the inner shell 7 which is a direct cause of the 
acoustic noise in the measurement space. In such a situation, it has been observed that the viscoeiastic 
layer 9 is primarily subjected to shearing deformation. 

20 Rg. 14 depicts a simple shearing deformation on the viscoeiastic layer 9 which is located between a 
first and second resin members 10 and 11 made of resin with relatively large Young's modulus such as 
epoxy resin. In Rg. 14. t represents a shearing stress exerted on the viscoeiastic layer 9. 

Now, suppose the shearing stress r causes the shear strain 7 In the viscoeiastic layer 9, and let the 
shearing stress r and the shear strain y be harmonic in time, then the shearing stress t and^the shear strain 

25 y can be expressed in terms of complex shearing stress tt and the complex shear strain as: 
r = Re[T*e***^] (1) 
7 = Re[Sr^e-^«l (2) 

where Re means a real part i is an imaginary unit, « is an angular frequency, and t is a time. Also, in 
general, the shear modulus G which characterizes elastic bodies is also expressed In a complex form as: 
30 G = 60 ( 1 + jiS ) (3) 

where the Go is a real shear modulus, and i9 is a loss factor. In addition, the relationship: 

T = G»f (4) 

holds. 

Meanwhile the energy dissipation D dissipated by a unit volume of the viscoeiastic layer 9 in one period 
35 of the vibration can be expressed as: 

Im[T-e- j •'^ ]r dt (5) 



40 



= o Gai5|rlsin( ot + 0 )-|rlsin( ot + <j> ) dt 

= iroGeflIrP (6) 



^ where Im means an imaginary part and is an initial phase of the shear strain 7. The equation (6) shows 
that the energy dissipation D is proportional to the loss factor and the square of the shear strain 7. 

Moreover, for the situation of Rg, 14, the shear strain 7 can be expressed In termis of displacement u of 
the resin members 10 and 11 as: 
7 = du / dy (7) 

50 where y is a coordinate along a direction of the thickness of the viscoeiastic layer 9. When the 
displacement u is small enough to be expressed as 5u, the relation: 
7 = 5u / 6y (8) 
holds. 

Accordingly. It can be deduced from the equations (6). (7). and (8) that the energy dissipation D can be 
55 made large when the shear strain 7 of the viscoeiastic layer 9 fs made large by making the thickness of the 
viscoeiastic layer 9 ( 5y in Eq. (8) ) as thin as possible. 

As a more realistic model, a plate with sandwich structure comprising a constraining layer, viscoeiastic 
layer and a structure member shown in Fig. 15 will now be considered. Such a model has been discussed 
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by Yan and Dowell in Journal of Applied Mechanics. Dec. 1972, pp 1041-1046. in which they gives the 
equation of motion for vibration of such a model as: 

0^^s + p(a/G9)7^s + ps - 0 (9) 

where s is a transverse displacement function of plate, p is a density, and: 

(Di AiB + D3A30 )2 

§ = (Dilia + Dalaa) - (10) 

Dt hi + D3 h3 



IS 



20 



Di D3 ha (ha Ai B - ht A3 b ) 



(11) 



hi + he + h3 Di hi + D3 ha 



El E3 

Di - , D3 - (12) 

25 1 - VI 2 1 - V3 ^ 

Zi ^ Z3 2 - Z2 2 

30 Ata = , A3B = (13) 



35 



Zi ^ Z3 ^ - Za ^ 
lie - , laa = (14) 



40 



where Et and E3 are Young's modulus for the structure member and the constraining layer, respectively, pi 
and V2 are Poisson ratio for the structure member and the constraining layer, respectively, hi , ha and ha are 
thickness of the structure member, the viscoelastic layer, and the constraining layer, respectively, and Zi, 
45 Z2 and Z3 are Z-coordlnate of the top of the structure member, the viscoelastic layer, and the constraining 
layer, respectively, with the bottom of the structure member having a 2-coordinate equal to 0. Also.: 



50 



(15) 



3x^ 3y- 



55 i.e., a harmonic operator, and a dot over a letter represents a time derivative. 

Now, assuming the harmonic time dependence of the the transverse displacement function of piate s, 
introducing a complex transverse displacement function of plate S as: 
s = Re [S»e-*^] (16) 



7 



EP 0 350 640 A2 

where Re means a real part, j is an imaginary unit, oi is an angular frequency, and t is a time, and using the 
complex shear modulus given by the Eq.(3). the Eq.(9) becomes: 

5 a p 

57^S + jpG)2 - pQ^s = 0 (17) 

Ga 1 + 

by regarding the conservation of the viscoeiastic layer against shearing as negligible compared with the 
conservation of the structure member and the constraining layer against bending. 

Then, from the Eq.(17). the energy dissipation D in one period of vibration can be obtained as: 



D^trpo)^— ff {1S!(7MS|)} dxdy (18) 

Gb 1 + J J 



and the maximum of the potential energy Epmax can be obtained as: 

20 



n t X 



j| {|S|(7*|S|)} dxdy — (19) 



25 



30 



With these Eqs.(18) and (19). one can define a total loss factor v of the plate with sandwich structure as: 

D p ^ 
^ « , ^.Cn (20) 

2irEpi»ax Gb 1 + 



where Cm is a part depending on the vibration frequency and the vibration mode of the plate, which is 
35 unimportant in what follows, and: 

-a 

$ = (21) 

40 

which is a dimensfonless parameter. Now, using ri = hi /(hi +h2 +h3) and r2 = h2/(hi +h2 +h3) and 
^ assuming that ha is sufficiently thinner than hi +h2 +h3 such that 0.25> >r2. the dimensionless parameter 
^ can be expressed as: 



50 



55 
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3r2 (n -ri *) 



5 



[Rd + (1/Rd )-2]ri '^+4{1-Rd )ri ^-6(l-Ro )rt 2+4(l-Ro )rt +Ro 



(22) 



10 



where: 



E3 (1 - VI 2) 



75 



Rd « 



(23) 



Et (1 ' V3^) 



which is a ratio of stiffness of the constraining layer and the structure member. 

Now. the Eq.(20) gives the condition for obtaining larger total loss factor v as having larger loss factor p 
of the viscoelastic layer, having smaller shear modulus Go, and having larger value for the dimensional 
parameter ^. But, as can be seen from the Eq.(22), the dimensional parameter ^ is determined by Ro and ri . 
The relationships of the dimensionless parameter ^ with respect to Ro and ri are shown in Rg. 1 6, which 
indicates that when Ro « 1 in which the stiffness of the structure member and the constraining layer is the 
same the dimensional parameter ( Is largest at ri ~ 0.5. i.e.. when the viscoelastic layer is at the middle of 
the sandwich structure. In such a case, the total loss factor tj also becomes large. Furthermore, for ri 
different from 0.5 in which there is a large difference between the flexural rigidity of the structure member 
and that of the constraining layer, both the dimensional parameter I as well as the total loss factor ij 
become small. Similar results are obtained for Rq different from 1.0 as well. Thus, in order to have a large 
total loss factor v and a good damping characteristic together, the flexural rigidities of the stnjcture member 
and the constraining layer are preferably as close to each other as possible. Also, it can be seen from Rg. 
18 that the dimensionless parameter ( not less than 0.1 is desirable. 

Summarizing the above analysis, using for the viscoelastic layer 9 a material with targe loss factor p, 
having small Young's modulus and large Poisson ratio for which the shear modulus = Eo / 2(1 + f®) 
becomes small, and making the flexural rigidities of the resin members sandwiching the viscoelastic layer 9 
to be as close to each other as possible, large total loss factor if can be obtained with satisfactory damping 
characteristic. 

On the other hand, the thicl<ness of the viscoelastic layer 9 Is preferably thinner for the salce of largar 
shear strain, whereas it is preferably thicker for the sake of increasing the volume from which the energy 
can dissipate. In a practical nuclear magnetic resonance imaging apparatus, an appropriate value for the 
thickness of the viscoelastic layer is therefore within a range between 0,01mm and 3mm. 

Referring now to Rgs. 17 and 18, there is shown a second embodiment of a nuclear magnetic 
resonance imaging apparatus according to the present invention. 

In this second embodiment, the gradient coil 21 is formed with a coil core 23 made of G-FRP (Glass- 
Rber reinforced plastics) around which coils 27 and 29 are wound, an epoxy resin 24 which molds the coils 
27 and 29, the viscoelastic layer 9 over the epoxy resin 24, and the outer layer 13 made also of G-FRP 
over the viscoelastic layer 9. Other feature of this second embodiment is substantially the same as the first 
embodiment. 

The reason for providing the outer layer 13 made of G-FRP will now be explained. 

Rrst, it is to be noted that the Young's modulus for the epoxy resin is 250 kgf/mm^, whereas that of the 
G-FRP is 1300 to 3200 kgf/mm^, so that the G-FRP has a larger stiffness. 

As mentioned above, in order to have a large total loss factor tj, it is necessary to make the flexural 
rigidities of the resin members sandwiching the viscoelastic layer 9 to be as close to each other as 
possible. 

However, in such a configuration, surrounding the viscoelastic layer 9 with the epoxy resin makes the 
flexural rigidity decreasing towards an outer edge, so that it becomes difficult to obtain a satisfactory total 
loss factor ly. 
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On the other hand, althogh by using the same epoxy resin for Inner side as well as outer side can make 
the flexural rigidities of the sandwiching resin member nearly equal, this also makes the gradient coil 21 
thicker so that either the main magnet bore need to be enlarged or else the measurement space need to be 
narrowed, neither of which is desirable from a point of view of designing, 
s Thus in the second embodiment. G-FRP which has a much larger stiffness are provided around the wil 
core 23 with relatively thinner thickness, so as to make the flexural rigidWes of the resin members 
sandwiching the viscoelastic layer 9 to be as close to each other as possible. 

In order to verify the effect of this second embodiment the following second experiment had been 
conducted by the present inventor. ,....«. 
10 in this second experiment a nuclear magnetic resonance imaging apparatus used is basically the same 
as that used in the first experiment shown in Fig. 11, except that the characteristic feature of the second 
embodiment shown in Rgs. 17 and 18 is incorporated. u » «, 

As shown in Rg. 19. in this second experiment, two acceleration pickups are separately attached to the 
gradient coil 21 at an edge of the measurement space shown by a point L and at a middle in the direction 
IS of the central axis of the measurement space shown by a point M. ^ o 

Furthermore, as shown in Rg. 20. the microphones are placed at points N. P, Q, R. and S on the 
central axis of the measurement space as well as at a point T near a wall surrounding the measurement 
space, off the central axis at the middle in the direction of the central axis, so as to Investigate the 
relationship between the vibration and the acoustic noise. 
20 The measured acceleration at the points L and M as functions of time are shown in Figs. 21 and 22. 
espectively in which the results obtained by the nuclear magnetic resonance imaging apparatus according 
to the second embodiment (with the viscoelastic layer 9 surrounded by the G-FRP outer shell) which are 
represented by solid curves are contrasted against those obtained by the conventional nuclear magnetic 
resonance imaging apparatus of similar type (without the viscoelastic layer 9 and the G-FRP outer sh^l) 
25 which are represented by dashed curves. It is clearly shown in Rgs. 21 and 22 that the substantia^ 
reduction of the vibration is possible in the nuclear magnetic resonance imaging apparatus of the second 
embodiment, at the both points L and M. compared with the conventional nuclear magnetic resonance 

imaging apparatus. ^ ^ . =- oo 

Also, the measured acoustic noise levels at the points N. P. Q. R. S. and T are shown in Rg. 23. in 
30 which the results obtained by the nuclear magnetic resonance imaging apparatus according to the second 
embodiment (with the viscoelastic layer 9 surrounded by the G-FRP outer shell) which are represented by 
solid dots are contrasted against those obtained by the conventional nuclear magnetic resonance imaging 
apparatus of similar type (without the viscoelastic layer 9 and the G-FRP outer shell) which are represented 
by blank dots. It is clearly shown in Rg. 23 that the substantial reduction of the acoustic noise is also 
36 possible in the nuclear magnetic resonance imaging apparatus of the second embodiment compared witti 
the conventional nuclear magnetic resonance imaging apparatus, by an average of approximately 3.25 dB, 
although the results slightly varies at different location. 

Thus, the effectiveness of sandwich structure around the viscoelastic layer 9 in reducing the vibration of 
ttie gradient coil 21 as well as the acoustic noise in the measurement space had been vindicated once 
40 again, and the additional feature of G-FRP outer shell in the second embodiment had been shown to be 
effective in further reduction of the vibration and the acoustic noise. 

Referring now to Rgs. 24 and 25. there is shown a third embodiment of a nuclear magnetic resonance 
imaging apparatus according to the present invention. 

in this third embodiment the viscoelastic layer 9 is fonned inside the epoxy resin 24 molding the coils 
45 27 and 29. Such a formation of the viscoelastic layer 9 can be accomplished by tfie manner similar to that 
suggested In the explanation of the first embodiment for fonning the viscoelastic layer 9 inside the inner 

shell?. .4- • » .u 

In this configuration of the third embodiment, the viscoelastic layer 9 also functions to dissipate me 
vibration energy and to reduce the vibration of the gradient coil 21 . so that the similar result concerning the 
so reduction of the acoustic noise can be obtained. Moreover, since the Eqs.(6). (7), (8), (20), and (22) given 
above for the first embodiment also hold for this third embodiment the same criteria that the vibration of the 
epoxy resin 24 can be reduced by making the energy dissipation D larger using the thin viscoelastic layer 9 
of smaller Young's modulus also applies for this third embodiment 

Similarly, the other embodiments are conceivable in which the location of the viscoelastic layer 9 Is 
S5 changed witttout alterring the effect of the viscoelastic layer 9. 

Thus, Rg. 26 Shows a fourth embodiment of a nuclear magnetic resonance imaging apparatus 
according to ttie present invention. In which the viscoelastic layer 9 is formed inside «ie coil core 23 of tiie 
gradient coil 21. 
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Likewise. Fig. 27 shows a fifth embodiment of a nuclear magnetic resonance imaging apparatus 
according to the present Invention, in which the viscoelastic layer 9 is formed between the coil core 23 of 
the gradient coil 21 and the resin 24 molding the coils 27 and 29. 

Also. Fig. 28 shows a sixth embodiment of a nuclear magnetic resonance imaging apparatus according 
to the present invention, in which the viscoelastic layer 9 is fonmed inside the outer shell 2 which supports 
the gradient coil 21 against the main magnet 1. 

Further variations can be obtained as the combination of the above embodiments, such as one in which 
the outer layer 13 made of G-FRP of the second embodiment is incorporated to any one of the third, fourth 
fifth, or sixth embodiment above. 

It is also to be noted that although in all of the embodiments described above, the viscoelastic layer 9 
has been described as a single layer, this may be modified to multi-layer configurations. 

Furthermore, although in all of the embodiments described above, the viscoelastic layer 9 has been 
formed in cylindrical shape along the cylindrical shells, partial or fragmental use of the feature of the 
present invention may also be effective. 

In addition, although in all of the embodiments described above, the sandwich structure around the 
viscoelastic layer 9 has been provided by other components of the nuclear magnetic resonance imaging 
apparatus which are necessary regardless of the presence of the viscoelastic layer 9. this sandwich 
structure may be formed by providing additional resin members exclusively for this purpose. 

It is also obvious that although the embodiments has been described for a particular model of a nuclear 
magnetic resonance imaging apparatus, the features of the present invention can be incorporated just as 
effectively and beneficially In other models of nuclear magnetic resonance imaging apparatuses. 

Besides these, many modifications and variations of these embodiments may be made without 
departing from the novel and advantageous features of the present invention. Accordingly, all such 
modifications and variations are intended to be Included wthin the scope of the appended claims. 

Reference signs in the claims are intended for better understanding and shall not limit the scope. 



Claims 

1 . A nuclear magnetic resonance imaging apparatus, comprising: 

a main magnet(l) for generating a static magnetic field in a measurement space in which a body to be 
examined is to be placed; 

gi'adient coil means(21) for producing gradient magnetic fields over the static magnetic field; 

means for detecting signals from the body in the static and gradient magnetic fields due to a nuclear 

magnetic resonance phenomenon; and 

means for processing the detected signals so as to obtain tomographic images of the body at arbitrary 
cross sections; 

characterized by further comprising: 

a sandwich structure which is located between the body and the main magnet(1 ), comprising a viscoelastic 
layer(9) sandwiched by a first and a second sandwiching members. 

2. The apparatus of claim 1 . wherein the sandwich structure Is arranged in a vicinity of the gradient coil 
means(21) while making one of a direct and an indirect contact with the gradient coil means(21). 

3. The apparatus of claim 1, wherein the detecting means comprises transmitter and receiver coil 
means, and wherein the sandwich structure is arranged in a vicinity of the detecting means. 

4. The apparatus of claim 1 . wherein at least one of the first and second members of the sandwich 
structure Is located within the measurement space, and comprises a hollow member which serves as a coll 
core for the detecting means. 

5. The apparatus of claim 1 . wherein at least one of the first and second members of the sandwich 
structure comprises a a coil core for the gradient coil.means(21). 

6. The apparatus of claim 1, wherein the gradient coll means(21) comprises coils wound around a coll 
core and a resin molding the coils which also serves as at least one of the first and second sandwiching 
members of the sandwich structure. 

7. The apparatus of claim 1, wherein the gradient coil means(21) comprises coils wound around a coil 
core, a first resin molding the coils, and a second resin having a larger stiffness than the first resin, the 
second resin surrounding the first resin, the second resin being also serving as at least one of the first and 
second sandwiching members of the sandwich structure. 

8. The apparatus of claim 1, wherein the gradient coil means(21) is supported to the main magnet(l) by 
a hollow member which also serves as at least one of the first and second sandwiching members of the 
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sandwich structure. 

9. The apparatus of claim 1. wherein the Young's modulus of the viscoeiastic layer(9) is smaller than 
that of the first sandwiching member as well as that of the second sandwiching member. 

1 0. The apparatus of claim 1 . wherein the loss factor of the viscoeiastic lay8r(9) is larger than that of the 
5 first sandwiching member as well as that of the second sandwiching member. 

1 1 . The apparatus of claim 1 . wherein the shear modulus of the viscoeiastic layer(9) is smaller than that 
of the first sandwiching member as well as that of the second sandwiching member. 

12. The apparatus of claim 1. wherein the flexural rigidities of the first and second sandwiching 
members are substantially equal to each other. 

10 13. The apparatus of claim 1 , wherein the thickness of the viscoeiastic layer(9) is thinner than that of the 
first and second sandwiching members together. 

14. The apparatus of claim 1. wherein the thickness of the viscoeiastic layer(9) is within a range 
between 0.01mm and 3.0mm. 

15. The apparatus of claim 1. wherein the viscoeiastic layer(9) is made of polymer compound. 

75 16. The apparatus of claim 1. wherein the viscoeiastic layer(9) is formed by pouring in a liquid 
viscoeiastic material into a space between the first and second sandwiching members. 

17. The apparatus of claim 1. wherein the sandwich structure is such that a dimensional parameter 
given by: 

20 

3rz (n -n ^) 

[Ro-^(1/Rd )-2lrt ^ + 4(1-Rd )ri ^-6(l-Ro )rt 2 + 4(1-Rd )ri +Ro 

25 

where rt = hi/{hi +h2 + h3), tz = h2/(hi +h2+h3).hi is a thickness of the first sandwiching member, h2 is a 
thickness of the viscoeiastic layer(9), ha is a thickness of the second sandwiching member, and Rp is a ratio 
of stiffness of the first and second sandwiching members, satisfies an inequality: 
30 « ^ 0.1 

18. The apparatus of claim 1. wherein one of the first and second sandwiching members is made of a 
material with larger stiffness than another one. which is also thinner in thickness than another one. 

19. The apparatus of claim 18. wherein one of the first and second sandwiching members with larger 
stiffness is made of G-FRP (Glass-Rber reinforced plastics) while another one is made of a resin. 

35 20. The apparatus of claim 18, wherein one of the first and second sandwiching members with larger 
stiffness is located further away from the measurement space than another one. 

21 . A nuclear magnetic resonance imaging apparatus, comprising: 

a main magnet(1) for generating a static magnetic field in a measurement space in which a body to be 
examined is to be placed; 
40 gradient coil means(21) for producing gradient magnetic fields over the static magnetic field; 

means for detecting signals from the body in the static and gradient magnetic fields due to a nuclear 
magnetic resonance phenomenon: 

means for processing the detected signals so as to obtain tomographic images of the body at arbitrary 
cross sections; 
45 characterized by further comprising: 

a hollow member which is located between the measurement space and the main magnet(l), including a 
viscoeiastic layer(9). 

22. A nuclear magnetic resonance imagirjg apparatus, comprising: 

a main magnet(1) for generating a static magnetic field in a measurement space in which a body to be 
50 examined is to be placed; 

gradient coil means(21) for producing gradient magnetic fields over the static magnetic field; 

means for detecting signals from the body in the static and gradient magnetic fields due to a nuclear 

magnetic resonance phenomenon; and 

means for processing the detected signals so as to obtain tomographic images of the body at arbitrary 
55 cross sections; 

characterized in that: 

the gradient coil means(21) being comprised of coils wound around a coil core, a first resin molding the 
coils, and a second resin having a larger stiffness than the first resin, the second resin surrounding the first 
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resin, at least one of inside the second resin and between the first resin and second resin containing a 
viscoelastic layer(9). 

23. A nuclear magnetic resonance imaging apparatus, comprising: 

a main^ magnet(l) for generating a static magnetic field in a measurement space in which a body to be 
5 examined is to be placed: 

gradient coil means(21) for producing gradient magnetic fields over the static magnetic field: 

means for detecting signals from the body in the static and gradient magnetic fields due to a nuclear 

magnetic resonance phenomenon; and 

means for processing the detected signals so as to obtain tomographic images of the body at arbitrary 
10 cross sections; 

characterized in that: 

the gradient coil means{21) comprises a coil core which contains a viscoelastic layer(9). and coils wound 
around the coil core. 

24. A nuclear magnetic resonance imaging apparatus, comprising: 

75 a main magnet(1) for generating a static magnetic field In a measurement space in which a body to be 
examined Is to be placed: 

gradient coil means(21 ) for producing gradient magnetic fields over the static magnetic field; 
means for detecting signals from the body in the static and gradient magnetic fields due to a nuclear 
magnetic resonance phenomenon: and 
20 means for processing the detected signals so as to obtain tomographic images of the body at arbitrary 
cross sections: 
characterized in that 

the gradient coil means(21) comprises a coil core, coils wound around the coil core, and a resin molding the 
coils, at least one of inside the resin and between the coil core and resin containing a viscoelastic layer(9). 
25 25. A nuclear magnetic resonance Imaging apparatus, comprising: 

a main magnet(1) for generating a static magnetic field in a measurement space in which a body to be 
examined is to be placed: 

gradient coil means{2l) for producing gradient magnetic fields over the static magnetic field; 
means for detecting signals from the body in the static and gradient magnetic fields due to a nuclear 
30 magnetic resonance phenomenon; and 

means for processing the detected signals so as to obtain tomographic images of the body at arbitrary 
cross sections; 

characterized by further comprising: 

a hollow member which supports the gradient coil means(21) against the main magnet{1), and is located 
35 between the measurement space and the main magnet(l). including a viscoelastic layer(9). 
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